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Va n  d e r  S m a n , A. J. M., B l o m , C. W. P. M., and Va n  d e  S t e e g , H. M. 1992. Phenology and seed production in Cheno­
podium rubrum, Rumex maritimus, and Rumex palustris as related to photoperiod in river forelands. Can. J. Bot. 70:
3 9 2 -4 0 0 .
Reproductive development in three species from irregularly Hooded areas of river forelands was studied in relation to time 
of emergence. In Chenopodium rubrum, flowering was induced earlier in plants germinated in A p ril-M ay  than in later 
cohorts. However, the period of vegetative growth diminished and the life cycle was completed in a shorter time in later 
germinated plants. Seed number was reduced, but seed size as well as reproductive effort per plant increased in later cohorts. 
Plants of both Rumex species flowered after a certain number of leaves had developed and before a critical photoperiod had 
passed. In earlier cohorts, the main shoot and several axillary shoots elongated and flowered. Fewer axillary shoots flowered 
closer to the critical photoperiod, and this resulted in a reduced seed output in later cohorts. The critical photoperiod as well 
as the time needed for completion of the life cycle was longer in Rumex palustris than in Rumex maritimus. It is argued that 
in the riparian habitat, plants of both Rumex species are only occasionally able to complete their life cycle in one growing 
season. Survival of these species on the population level will rely more upon adaptations towards flooding during the estab­
lished phase than is the case for C. rubrum.
Key words: flowering phenology, photoperiod, seed production, Chenopodium rubrum. Rumex maritimus, Rumex palustris.
Va n  d e r  S m a n , A. J. M., B l o m . C. W. P. M., et V a n  d e  S t e e g . H. M. 1992. Phenology and seed production in Cheno­
podium rubrum, Rumex maritimus, and Rumex palustris as related to photoperiod in river forelands. Can. J. Bot. 70 :
3 9 2 -4 0 0 .
L'auteur a étudié la phénologie de la reproduction chez trois espèces venant sur des platières de rivière irrégulièrement 
inondées, en relation avec le moment de l’émergence. Chez le Chenopodium rubrum, la floraison est induite plus tôt chez 
les plantes ayant germé en avril —mai que chez les plantes issues de germinations plus tardives. Toutefois, la période de crois­
sance végétative diminue et le cycle vital se complète en moins de temps chez les plantes issues de germinations plus tardives. 
Le nombre de graines est réduit, mais la grosseur des graines ainsi que l’effort de reproduction par plant augmente chez les 
plantes plus tardives. Les plantes des deux espèces de Rumex fleurissent après qu'un certain nombre de feuilles se soient déve­
loppées et avant qu’un seuil critique de photopériode ne soit passé. Chez les plantes plus hâtives, la tige principale et plusieurs 
tiges axillaires s'allongent et fleurissent. Chez les plantes tardives, il y a moins de tiges axillaires qui fleurissent en approchant 
la photopériode critique et ceci conduit à une production réduite de semences, comparativement aux plantes plus hâtives. 
La photopériode critique ainsi que le temps nécessaire pour boucler le cycle vital sont plus longs chez le Rumex palustris 
que chez le Rumex maritimus. L'auteur soumet que dans les habitats ripariens, les plantes des deux espèces de Rumex ne 
réussiraient qu’occasionnellement à compléter leur cycle vital en une seule saison de croissance. La survie de ces espèces, 
au niveau de la population, dépendrait plus d ’adaptations aux innondations pendant la phase établie que dans les cas du 
C. rubrum.
Mots clés : phénologie florale, photopériode, production de semences, Chenopodium rubrum, Rumex maritimus, Rumex 
palustris.
[Traduit par la rédaction]
Introduction
River forelands, s tre tching  from  the r iverbank  to the main 
dike, provide one o f  the m ost uncertain  habitats for plants 
(Van de Steeg 1984; Brock et al. 1987; Blom 1990; Blom 
et al. 1990). A striking aspect o f  Hooding in these areas  is the 
variation in the length o f  the g row ing  season. E levational d if­
ferences o f  a few decim etres  can cause the g row ing  season to 
vary by a month o r  m ore. Successive years  d iffer to such an 
extent that the lowest areas may dry out in April o r  rem ain 
flooded until as late as Sep tem ber. Survival o f  populations o f  
annual and biennial plants depends upon successful reg en e ra ­
tion by seed, and this process involves a num ber o f  im portant 
life-history traits that are greatly  affected by limiting factors 
such as a short g row ing  season (G rim e 1979).
This paper d iscusses flow ering  phenology and seed output 
in the first season o f  g row th  for three represen ta tive  species 
from the low er elevations in the river forelands. These  life- 
history phenom ena  are com pared  for plants that germ inated  at
'Author to whom all correspondence should be addressed.
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different tim es during  the g row ing  season. Red goosefoot, 
Chenopodium rubrum  L . ,  and the two dock species Rumex 
maritimus L. and Rumex palustris  Sm. cohabit m ud flats of 
fo rm er r iverbeds and both clay and sand pits (see Salisbury 
1942; Hejny 1960; Van der Sman et al. 1988; Voesenek 
1990). U nder ruderal conditions, the greatest emergence 
o f  C. rubrum  is in M a y —June (W illiam s 1969; Roberts  and 
Neilson 1980), and that for R. maritimus is in April —May 
(R oberts  and Boddrell 1985). All three species show  a max­
imal germ ination  response under a com bination  o f  fluctuating 
tem pera tu res  and light (C um m ing  1959; Voesenek 1990; 
A. J. M. Van der Sm an, unpublished data), which is common 
for wetland species. This response provides a mechanism 
w hereby  spring germ ination  is initiated by an increase in 
irradiance and a falling w ater table (T hom pson  and Grime 
1983). Because germination is inhibited under strictly anaerobic 
conditions in all three species (Voesenek 1990: A. J. M. Van dcr 
Sm an, unpublished data), germ ination  on the river forelands 
depends upon the subsidence o f  w in ter and (or) spring  floods. 
R eproductive  developm ent is studied in ou tdoor experimental
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plots for three consecutive  years .  T he  pe rfo rm ance  o f  the 
short-day annual C. rubrum  in these experim en ts  can be 
explained by the w ell-know n flow ering  physio logy o f  this spe- 
(.■ i ,, and this is in accordance  with general field observations.
1 : ile is know n, how ever ,  o f  the flow ering  requ irem en ts  o f  
\- h Rwnex  species. Field observa tions  o f  these species are 
easily in terpre ted , since plants m ay be annual, b iennial, 
even short-lived perennia l. T h e re fo re ,  the effect o f  pho- 
i eriod on flow ering  behav iou r  o f  the Rum ex  species was also 
lied, and a field study o f  their  phenology in two sites in the 
riparian habitat is presented .
Materials and methods
eeds of C. rubrum, R. maritimus, and R. palustris were collected 
n riparian areas near Nijmegen in the year preceding each experi- 
it and then stored dry at room temperature. After removal of peri­
ls {Rumex spp.), a mixed seed sample from five different parent 
I its of each species was imbibed (12 h light : 12 h dark at a temper- 
e of 25:10°C (1 ight:dark); mean photosynthetically active radia- 
(PAR) (400 — 700 nm) during the light period was 30 /xmol m -2 
After 4 days, five to seven seedlings were transplanted into 
vidual pots (diameter 16 cm, height 50 cm in outdoor experimen- 
plots; 10-cm pots in photoperiod experiment) with perforated 
s. Each pot was filled with a 1:1 (v/v) mixture of river sand and 
soil. Seedlings were thinned to one per pot within 2 weeks.
nology in outdoor experimental plots
) study reproductive development in relation to time of emer­
ge, plants were grown in cohorts for three consecutive years, i.e., 
7 -1 9 8 9 .  inclusive. Immediately after transplantation of each
i. ort, the pots were placed, 16 cm apart, in outdoor basins of water 
i igth x width x depth: 8 x  2 x  1 m; water level 5 cm). During 
i emely dry periods, young seedlings were watered by sprinkling 
i revcnt desiccation. The soil moisture content in the pots averaged 
i o by weight (about 24% in the upper 10-cm and about 38% in the 
I er 10-cm soil layer). Daily radiation and temperatures were 
i >rded throughout the course of the study period. The latter are 
I sented as temperature sum, i.e., the number of degree-days over 
; ertain period, with 10°C as base temperature. This base was 
sen because none of the species showed significant growth at 
1' er temperatures.
ii 1987, four cohorts (each of 20 plants per species) were planted 
'-week intervals, on 18 May, 29 June, 10 August, and 21 Septem- 
This was designed to approximate the extremes in length of the 
wing season. Only the plants of the first cohort of R. palustris 
vcred and those of the first and second cohorts of R. maritimus. 
h flowering cohorts of R. maritimus showed marked differences 
lowering characteristics. Therefore, for both Rumex species, six 
iorts (12 plants per species per cohort) were planted in the follow- 
year. Two-week intervals separated each cohort, which com- 
nced on 2 May and ended on 11 July. In the 3rd year seven cohorts 
plants per species per cohort) of all three species w'ere planted at 
veek intervals, starting from 10 April until 22 May. The latter was 
.igned to study reproductive development with respect to the length 
the growing season under the most favourable conditions of spring 
germination.
lJh mt measurements 
Vegetative growth of rosettes in both species of Rumex was mea- 
v red by recording the number of leaves >  1 cm long, the number of 
'-lead leaves, and the length of the longest leaf (including petiole) of 
ilic main shoot. The number of axillary shoots and the number of liv­
ing leaves per shoot were counted approximately every 10 days. The 
vime parameters were measured for plants of C. rubrum but includ- 
•  •
ing the lengths of the main stem and of branches (longer than 1 cm).
I he transition to the generative phase was recorded. Several stages 
were distinguished, i.e., bolting (Rumex spp.), appearance of clearly 
v isible flowering buds (C. rubrum), duration of flowering, and seed
ripening. Dates were recorded per plant for these parameters; 50% 
values per cohort are presented in the results section. The numbers 
and final lengths of flowering shoots were measured for both Rumex 
species. Seeds with perianths were harvested from each sample plant 
and for each of the three species. All seed samples were sieved to 
remove dead leaves and sand and then weighed to estimate total seed 
production per plant. The total seed output of five plants per cohort 
was mixed. From these mixtures, 2 x 4  subsamples of 50 seeds were 
weighed to estimate individual seed weights. These samples were also 
used to determine germination response. After the seed harvest, the 
stems were dried (48 h at 70°C) and weighed. In 1989, seeds were 
harvested from five plants per cohort. Total aboveground weights 
(including seeds) were determined and seed weight estimated (from 
the ratio between seed weight and weight of all other aboveground 
parts of the first five plants) for the remaining seven plants. In 
December 1987, four plants per species were harvested from all 
cohorts to determine dry weights (48 h at 70°C) of vegetative shoots 
and tap roots.
Statistical analyses were performed with the SAS statistical pack­
age (SAS Institute Inc. 1985). To compare the means per cohort of 
several parameters, Bonferroni Mests were used after an analysis of 
variance with the general linear models procedure for unequal cell 
sizes. Pearson rank correlation tests were used on the data on stem 
length and seed output per plants of all individual plants of both spe­
cies of Rumex.
Photoperiod and flowering o f Rumex species
To determine the effects of photoperiod on flowering, plants of 
both Rumex species were grown in either 13-h (short day = SD) 
or 18-h (long day = LD) photoperiods in similar growth rooms 
(PAR = 120 /¿mol m -2 s _ l ; 400-W sodium lamps, supplemented 
with 85-W Sylvania GRO-LUX lamps; 15:25°C, dark:light).
Starting February 1989, eight series (12 plants per series per spe­
cies) were subjected to either 2, 4, 6, or 8 weeks SD or LD and there­
after changed to the other regime. Two additional series remained in 
either LD or SD to serve as controls. Plant growth was measured in 
the same way as indicated for the outdoor experiments.
Field observations on Rumex species
This study was done to determine whether flowering of both Rumex 
species is related to the time of germination under field conditions as 
well as in outdoor plots. Four longitudinal plots (each 10 m x 50 cm) 
were set out in August 1988 in the river forelands near Nijmegen. 
The plots were situated parallel to the river at different elevational 
levels with different flooding frequencies and durations. One of the 
plots was located in a clay pit at approximately 9.70 m w'ith respect 
to mean sea level (Amsterdam Ordnance Datum = NAP). In 1988, 
this plot was free of Hood water from 20 June onwards. Three other 
plots were placed at different elevational levels (9.25, 9.05, and 
8.90 m NAP) on the shore of an old riverbed, where the winter — 
spring floods started to subside on 24 June, 28 June, and 22 July, 
respectively. Within-plot elevational differences ranged from 10 cm 
in the highest plot (clay pit) to 4 cm in the lowest. As a result of these 
variations, more than 50% of the intermediate plot on the old 
riverbed shore remained waterlogged until 18 July. Plant locations 
were recorded by two coordinates, and each plant was followed until 
November 1988. Once a month the following data were recorded for 
each plant: survival, number of living leaves, length of longest leaf, 
phase of development, and stem length.
Results
Phenology in outdoor experimental plots
Chenopodium rubrum
Several developm enta l features w ere  constant regard less  o f  
cohort (Fig. 1). Seedlings possessed an opposite  leaf  a r ra n g e ­
ment until the seventh p rim ary  leaf becam e visible. Leaves 
1 0 - 4 0 ,  if present on the main shoot, all a ttained m ax im um  
lengths o f  10— 16 cm . This value was ra ther constant per 
plant, but d ifferent betw een plants from  the sam e o r  d ifferent
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Fig. 1. Vegetative development in outdoor experimental plots (plants from cohort II of 1987). Chenopodium rubrum at the age of (a) 2 weeks, 
(/;) 3 weeks, and (c) 5 weeks; Rumex maritimus at the age of (d) 2 weeks, (e) 3 weeks, (ƒ) 4 weeks, and (g) 6 weeks (transition to flowering, 
i.e., early bolting stage); Rumex palustris at the age of (/?) 2 weeks, (/) 3 weeks, and (j)  4 weeks. Primary leaves are numbered in the order 
of their appearance, t ,  the axillary shoot of dead primary leaves.
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cohorts. Secondary  shoots appeared  in the first two leaf axils 
ts soon as the fifth and sixth leaves w ere  observed . In most 
, iscs, additional shoots em erged  later from the co ty ledonary  
axils. The p rim ary  stem rem ained  short during  the vegetative 
:age. In contrast,  the first axillary  shoots (in leaf axils 1 —6) 
w  large, resulting in a rosette-like appearance  (Fig. 1). 
\ f te r  transition to the genera tive  phase, small red flow ering  
Is appeared on the main stem. T hese  w ere  soon followed by 
wer buds on the large b ranches. T hey  developed  from  the 
dow nw ards (see Lang 1965). F low ering  was accom panied  
in acceleration in leaf initiation and p rim ary  stem  grow th , 
is closely resem bled  bolting in rosette species o f  Rumex. 
if form and degree  o f  b ranch ing  o f  the inflorescence w ere  
her variable in C. rub rum  (see also C u m m in g  1969;
> illiams 1969).
n contrast with the charac te rs  described  above, the tim ing 
flowering and the investm ent in seed production  w ere 
rngly affected by the tim ing o f  germ ination . Plants o f  
rubrum  g row n in April and M ay show ed v igorous vegeta- 
: grow th  before  f low ering  in long days ( > 1 5  h). The 
iber o f  p rim ary  leaves initiated before f low ering  was 
portional to the tem pera tu re  sum  up to that time (Table 1). 
s relationship is surpris ing ly  strong considering  that dura- 
is that w ere presented  as 50%  values are ra ther crude  and 
i each norm al su m m er day co rresp o nd s  to 6 — 10 degree- 
s. Plants that started  grow th  after M ay show ed transition 
he generative  phase co rrespond ing ly  later in tim e, but in 
'gressively ear lie r  stages o f  g row th . The duration  o f  flower- 
corresponding ly  decreased , as well as leaf increm ent dur- 
flowering. M ean leaf num bers  at the onset o f  bolting as
II as mean total leaf num bers  w ere  highly significantly 
ferent betw een cohorts  I, II, and III o f  1987. The duration  
the period o f  seed ripening apparently  increased , but many 
I he im m ature  seeds that fell from  the latest flow ering plants 
re readily capable  o f  germ ination . Sm aller  plants p roduced  
er seeds than la rger ones, but plants o f  the latest flow ering 
lort allocated up to five tim es m ore  dry m atter into seeds 
unit aboveground  (stem) w eight than those o f  the early 
wering cohorts  (Table  2). T he  ratio betw een the w eights o f  
m s  and tap roots was constant regard less  o f  cohort (about 
> for cohorts  I - I I I  o f  1987). M ean individual seed weight 
reased from 0 .03  m g for the earliest flow ering cohort o f  
>9 up to 0 .09  mg for cohort III o f  1987, but m ean seed 
nber decreased  from  over  200 000 to 2000 per plant for 
se two species, respectively. Seeds o f  all size categories  
uired fluctuating tem pera tu res  for ge rm ina tion ; how ever,  
largest seeds show ed a d im in ished  requ irem ent for light 
>% germ ination  in the dark  com pared  with 5%  o f  small
seeds).
VI1 plants from  cohort IV (1987) died in D ecem ber  after a 
ort period o f  frost. These  plants had six o r  less p rim ary  
tves, all o f  which w ere  sm aller than 1 cm  in length. W here  
s eds had been germ inated  2 w eeks earlie r ,  the resulting plants 
oduced only a few, large seeds in N o v em b er  (A. J. M. Van 
<Jer Sm an, unpublished data).
Rumex species
Seedlings o f  R. maritimus and R. palustris  developed  in a 
similar m anner (Fig. 1). P rim ary  leaves em erged  successively  
from a leaf sheath that becam e fragm ented  and d isin tegrated  
after rainfall. The first five leaves could be recognized  easily 
afterwards by their specific grow th  habit. At first, seedlings o f
R. pa lustris , which had orig inated  from  larger seeds, w ere  
slightly larger than those o f  R. m aritim us , but the situation was 
reversed  after the seven-leaf  stage. Leaves 7 — 12 o f  both 
species attained a m axim um  length o f  2 0 - 2 5  cm . As in 
C. rubrum , variation occurred  betw een individual plants from 
the sam e cohort and from different cohorts . Rumex maritimus 
possessed relatively longer and na rrow er  leaves than R. pa lus­
tris (Fig. 1), but these d ifferences w ere not statistically signifi­
cant. In both species, axillary shoots developed  three nodes 
below  newly em erg ing  leaves. T he  m axim um  photosynthetic  
leaf area  was usually reached after the 12-leaf stage. At this 
stage transition to the reproductive  phase becam e apparent 
with the bolting o f  the main shoot (Fig. 1#). Bolting was 
accom panied  by an increase in the initiation o f  leaves, which 
is show n for p rim ary  shoots in Fig. 2a. F low ers  appeared  
approx im ate ly  21 days after the onset o f  bolting. F low ers  
developed  on the upper part o f  the stem , and also d ow nw ards  
on o lder stem nodes.
Rosettes that rem ained vegetative deteriora ted  from  the time 
that the rosette size was m axim um  onw ards  (Fig. 2b). L eaf  
b irthrate  decreased , w hereas death rate increased, until after 
several w eeks a constant num ber o f  vital leaves rem ained  
(about 2 p rim ary  and 11 axillary leaves). A part from this 
phenom enon , later developing leaves w ere progressively  
sho rte r  in length.
In sharp  contrast with that in C. rubrum , plants o f  both 
Rumex  species flow ered at the sam e phenological stage reg a rd ­
less o f  trea tm ent, i .e . ,  at the time o f  m axim um  leaf a rea  (12 
prim ary  leaves). This was reached after a relatively constant 
tem pera tu re  sum  (Table 1). All cohorts  o f  R. maritimus that 
reached this stage before 11 August (photoperiod  15 h) and 
those o f  R. palustris  that did so before 27 July (photoperiod  
16 h) bolted and flow ered. D ifferences in g row th  param eters  
o f  the main flow ering shoot w ere small betw een species o f  
Rumex  (see Van der Sman et al. 1991). M ean p rim ary  stem 
length in plants o f  R. maritimus was 50 cm , and those o f  
R. palustris  reached 74 cm. Only plants from the latest f low er­
ing cohorts , which flow ered with only one main stem , had in 
som e cases significantly shorter  stem s (e .g . ,  the flow ering 
plants o f  R. maritimus from cohort V o f  1988). Large  d if fe r­
ences occu rred , how ever, with respect to the num ber and size 
o f  secondary  stem s, which elongated  from rosette leaf axils in 
the o rder  o f  axil appearance . Later flow ering  cohorts  p ro ­
duced few er, shorter  secondary  stems and consequently  few er 
seeds than earlie r  cohorts . Total seed weight per plant was 
highly corre la ted  with total stem length (sum m ed heights o f  
p rim ary  and secondary  stems) th roughout all cohorts  (Fig. 3). 
This  was in sharp  contrast with that found in C. rubrum  and 
indicated a constant mean seed weight to aboveground  weight 
ratio.
M ean individual seed weight per cohort o f  R. maritimus 
varied  betw een 0 .18  and 0 .27  mg, and that for R. palustris 
varied  betw een 0 .5 0  and 0 .6 0  mg. T he  lowest w eights w ere 
found for cohorts I —III o f  1989, which also produced the largest 
total seed weights and seed num bers o f  approx im ate ly  80 000 
(R. maritimus) and 30 000 (R. palustris) per plant. Statistical 
analysis o f  the limited data on individual seed w eight was not 
a ttem pted. No d ifferences in germ ination  characteris tics  w ere  
found betw een small and large seeds o f  both species, but large 
seeds show ed a h igher percentage o f  em ergence  from  up to a 
2 .5  cm  sow ing depth (data not show n).
C ohorts  em erg ing  over  the course  o f  the season show ed
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T a b l e  1. Reproductive development of cohorts of Chenopodium rubnun. Rumex maritimus, and
R. palustris in outdoor experimental plots
Period of 
vegetative growth*
Weather'
%
Duration1 Leaf n*
Cohort T R
/r
flowering Veg FI. Rip. Veg. Tot.
C. rubrum 
1987
1 18 May -  7 Aug. 475 120 100 81 38 24 35 62
II 29 June -  18 Aug. 384 77 100 50 34 28 28 46
III 10 Aug. — 9 Sept. 248 35 100 30 26 41 15 24
IV 21 Sept. -  28 Oct. 105 27 50 37 II -- 0 0
1989
I 10 Apr. — 25 June 406 127 100 76 50 24 32 82
11 17 Apr. -  25 June 394 120 100 69 50 20 33 78
111 24 Apr. — 30 June 439 131 100 67 48 14 37 80
IV 1 May -  2 July 441 126 100 62 50 12 36 85
V 8 May -  5 July 439 115 100 58 50 14 35 77
VI 15 May — 18 July 537 128 100 64 37 18 40 69
VII 22 May -  27 July 550 128 100 66 32 21 42 68
R. maritimus 
1987
I 18 May -  7 July 268 78 100 51 37 39 12 32
II 29 June — 9 Aug. 320 66 100 42 40 46 12 36
III 10 Aug.* -- — 0 -- -- -- -- --
IV 21 S e p t / -- — 0 -- -- -- -- --
1988
I 2 May -  15 June •* 263 75 100 45 37 39 12 33
11 16 May -  28 June 258 66 100 44 35 41 12 31
III 30 May — 11 July 277 62 100 43 37 43 12 32
IV 13 June -  23 July 295 54 100 41 38 43 12 35
V 27 June -  11 Aug. 368 65 25 46 40 46 13 40
VI 4 July^
J
-- -- 0 -- -- -- -- --
1989
I 10 Apr. -  8 June 241 102 100 60 32 28 13 nd
II 17 Apr. -  10 June 241 98 100 55 30 32 13 nd
III 24 Apr. — 12 June 259 96 100 50 32 34 13 nd
IV 1 May -  12 June T<p 86 100 43 32 34 12 nd
V 8 May -  16 June 266 82 100 40 33 36 12 nd
VI 15 May — 23 June 321 85 100 40 35 42 12 nd
VII 22 May -  30 June 310 82 100 40 36 40 12 nd
R. palustris 
1987
I 18 May -  10 July 289 83 95 54 40 53 12 37
II 29 June* -- -- 0 -- -- -- -- --
III 10 Aug.* -- -- 0 -- -- -- -- --
IV 21 Sept.* -- -- 0 -- -- -- -- --
1988
I 2 May -  19 June 288 81 100 49 36 49 12 38
II 16 May — 2 July 291 71 100 48 35 50 11 38
III 30 May -  14 July 294 65 100 46 40 51 13 40
IV 13 June -  27 July 326 60 100 45 42 57 13 45
V 27 June* -- -- 0 -- -- -- -- --
VI 4 J u 1 y ^ -- -- 0 -- -- -- --
1989
I 10 Apr. — 15 June 307 1 17 92 67 39 42 14 nd
II 17 Apr. -  15 June 296 1 1 1 100 60 42 32 14 nd
III 24 Apr. -  15 June 295 103 100 53 32 33 13 nd
IV 1 May -  16 June 300 96 100 47 32 39 12 nd
V 8 May -  19 June 301 90 100 43 36 37 11 nd
VI 15 May -  25 June 341 90 100 42 36 45 12 nd
VII 22 May — 5 July 356 91 100 45 40 51 13 nd
N o t e :  There were 20 plants per species per cohort in 1987 and 12 in each o f  1988 and 1989. nd. not determined.
•
From (he time o f  germination until 50% o f  the plants had flowering buds (C. rubnun) or bolted [Runic* spp.).
Temperature sum (7 ) in degrcc-days ( I0 ° C  base temp.) and radiation sum (R) as I0 1 J cm 2 during the period of  
vegetative growth.
Duration (days) of the periods o f  vegetative growth iVeg.). flowering (FI., the time until 50% »if the plants were out 
o f  flower), and seed ripening (Rip., the time until 50% o f  the plants were ripe).
'Veg.. number o f  primary leaves ( >  I cm in length) initiated during the period o f  vegetative growth; Tot. ,  total number 
o f  leaves (median values per cohort).
Plants died in December (see text).
^Plants remained vegetative in the year o f  germination.
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>r cohorts of R. maritimus w'ith the same growth rates up to maxi- 
m rosette size (reached after 42 days), (a) The flowering cohort 
>f 1987. (/;) The nonflowering cohort III of 1987. •  , total number 
primary leaves; O, dead primary leaves; ■ . number of living axil­
s' leaves (not indicated in (a); see text). Means ±  1 SE (n = 20; 
lot indicated, SE falls within the span of the symbol).
<l e  2. Sizes and total seed weight of plants of C. rubrum in out­
door experimental plots
Date Plant height Seed wt. Seed wt. to
hort planted (cm) per plant (g) stem  wt.
S7
I 18 May 7 0 . 4 + 1.2c 8 .6  +  0 .8 /;c 0 .8 9 + 0 .1 5 / ;
II 29 June 53 .4  ± 1,6d 5 . 9 + 0 . 5c 1.28 +  0 .20/;
III 10 Aug. 21 .8  +  0 .6^ 4 . 6 + 0 . 3c 3 .87  +0.44<7
'89
I 10 A pr. 85.0±3.4<7/? 1 4 .5 + 1 .9  ab 0 .7 9  +  0 .07/;
II 17 Apr. 81 .7  ± 6 .1  a be 1 3 .3 + 2 .5  ab 0 .6 3 + 0 .1 1 /?
III 24 Apr. 88.7  ± 2 . 6ab 1 7 .8 +  1. 6a 0 .62  +  0 .03/;
IV 1 May 9 4 .0  + 2 .0  a 1 6 .0 +  1.0 a 0 .7 2 + 0 .0 4 / ;
V 8 May 85.9 ± 2 .lab 18.6 + 0 .6a 0 .7 3 + 0 .0 2 / ;
VI 15 May 78.3  +  3.9/x- 14 .3 ± 2 . 1 ab 0 .8 6 + 0 .0 3 /?
VII 22 May 16.3 ±2 Abe 15.6+ I .Oc/ 0 .8 5 + 0 .0 2b
N o te :  Values arc means ±  I SE; n =  20 (1987). n =  12 (1989). The ratio between 
seed weight and stem weight per plant is given for 10 (1987) and 5 (1989) plants per 
liort. Means followed by the same letter are not significantly different (Bonlerroni 
i -test. /> <  0.05).
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F i g .  3. Total seed production in relation to total stem length 
(summed heights of primary and secondary stems) in all plants of 
R. maritimus (n = 175) and R. palustris (/? =  149) from the outdoor 
experimental plots. # ,  1987; a , 1988; ■, 1989.
progressively  s low er vegetative deve lopm en t,  indicated by an 
increased tem pera tu re  sum  before  reaching  the 12-leaf stage, 
and a s low er reproductive  deve lopm en t,  especially  seed r ipen­
ing (Table 1). W ith in -cohort varia tion  increased as well, and 
several plants o f  R. palustris  from  the last cohorts  to flower 
were unable to p roduce  ripe seeds on all secondary  stem s. 
G enerative developm ent was also delayed  in cohorts  I and II 
o f  1989 for plants o f  R. palustris  that had experienced  low 
tem pera tures  during  early  vegetative developm ent (Table 1). 
Occasionally, one plant per cohort o f  R. palustris  bolted 
(approx. 10 cm) w ithout f low ering. This occu rred  in both 
flowering and nonflow ering  cohorts .
Most plants from the later flow ering  cohorts  surv ived  after 
flowering with vegetative axillary  shoots in the rosette leaves. 
By the end o f  D ecem ber 1987, m ean dry  weights o f  tap roots 
from flowering plants ranged from  less than 1 g for plants 
without vegetative shoots rem ain ing  to 3 g (R. m aritim us) and 
5 g (R. palustris) for plants with three vegetative axillary 
shoots. By this tim e, vegetative plants possessed tap roots up 
to 5 g (R. m aritim us ,  cohort III) and 7 g (R. pa lustris ,  cohort 
II). Plants from cohort IV o f  1987 w ere  unable to reach the 
m axim um  rosette size. In N o v em b er ,  afte r  120 degree-days , 
plants from this cohort possessed up to five p rim ary  leaves 
with a m axim um  length o f  3 —4 cm , and in D ecem b er  dry 
weights o f  tap roots w ere  only 1 0 —15 mg for R. maritimus 
and 30 mg for R. palustris. H ow ever ,  most o f  these very small 
plants survived 4 m onths subm ergence  during  the w inter. In 
the following g row ing  season these small plants f low ered  and 
set seed, ju s t  as all the o ther  vegetative plants and the rem ain ­
ing vegetative shoots o f  flow ering  plants.
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T a b l e  3. Reproductive development of plants of R. maritinnis in different photoperiodical regimes
Series*
%
flowering
Duration' Leaf n- Plant
height
(cm)
Seed wt. 
per plant (g)
Seed wt. to 
stem wt.Veg. FI. Rip. Veg. LD Tot.
SD 0 -- —■ -- -- -- -- -- --
2LD/SD 0 -- -- -- -- -- -- --
4LD/SD 50* 34 43 21 10 7 25 2 7 .7 + 1 .8c 0.96±0.09/;or/ 2.23 ± 0 . 15c//;
6LD/SD 100 34 43 21 10 10 24 2 7 .5 +  1.1c* 0.76±0.05</ 1.89 ± 0 . \2>abc
8LD/SD 100 34 43 21 10 10 23 2 5 .9 + 0 .8c 0.66±0.05r/ 1.68 ±0.04/;c
LD 100 34 40 24 10 10 24 2 3 .8 + 0 .8c 0.82 ±0.05cc/ 1.74±0.09/;r
2SD/LD 100 48 39 24 12 11 27 2 4 .8 + 0 .5c 1.19 ± 0.10 abc 2.26 ± 0 . \lab
4SD/LD 100 72 47 21 15 10 34 2 4 . 6 + 1.2c 1.27 ±0. \ 2ab 2.58 + 0 .24c/
6SD/LD 100 111 68 24 19 10 42 35.3 ± 2 .0  b 1.40±0.10<7 2.02 ±0.20<://;(•
8SD/LD 100 133 58 16 21 12 43 42.1 ±1 .8« 1.08 ±0.1 \abcd 1.34±0.09c'
N o t e :  Plant height, total seed weight, and ratio o f  seed weight to stem weight per plant are presented as means ±  ISE (/» =  12). Means followed 
by the same letter arc not significantly different (Bonferroni t-test, p <  0.05).
SD (short day) =  13 h; LD (long day) =  18 h: 2LD /SD  = 2 weeks LD and SD thereafter; etc.
Duration (days) o f  the periods o f  vegetative growth (Veg.. until 50% bolting), flowering (FI.), and seed ripening (Rip.. 50% values; see Table 1). 
Veg.. number o f  primary leaves ( >  I cm in length) initiated during the period of  vegetative growth: LD. number o f  leaves formed in LD: Tot. ,  
total number o f  leaves (median values per series).
'Another 25% flowered but exhibited abnormal growth (see text) and is therefore excluded.
T a b l e  4. Percent flowering plants in September 1988 of/?, maritimus and R. palustris 
in four plots (each 10 m x 50 cm) at different elevations in two sites of the river forelands
near Nijmegen. The Netherlands
Site Plot NAP*
Start of 
the season' R. maritimus* R. palustris?
Clay pit 1 9.70 20 June 63(30) 17(63)
Riverbed 2 9.25 24 June 58(36) 25(16)
Riverbed 3 9.05 28 June -  18 July 6(31) 0(75)
Riverbed 4 8.90 22 July 0(15) 0(28)
N o t e :  Differences in percent flowering species are highly significant. Differences between plots I and 2 arc 
not significant. Differences between plots I and 2 on one hand and plot 3 on the other are highly significant for 
R. maritimus ( \~ .  p <  0.001).
Mean height (m) above sea level (Amsterdam Ordnance Datum).
Subsidence o f  w in te r—spring floods.
Total number o f  plants per plot given in parentheses.
Photoperiod and flow ering o f  R um ex species
Plants o f R. palustris  did not flow er in this study. Plants o f  
R. maritimus all f low ered if they received 6 o r  m ore  w eeks LD 
(Table 3), irrespective o f  SD given a fte rw ards . The main 
shoot bolted after 10 prim ary  leaves had been form ed. At this 
stage plants possessed five axillary shoots with a total o f  11 
secondary leaves. The series that had been placed in SD after
4 weeks LD resulted in six plants that flow ered norm ally , three 
o f  which rem ained vegetative and three o f  which exhibited 
abnorm al grow th . The latter started  to bolt at the sam e time 
as the norm ally  developing  plants, but flow ering w as delayed 
by a month. A short flow ering stem  (8.5 cm ) was form ed, with 
many small leaves and few er flow ers than o ther plants. E v en ­
tually seeds (0 .34  g) w ere  p roduced , but ripening was delayed 
and incomplete.
Plants that were grow n in various SD periods and then placed 
in LD subsequently  show ed a p rogress ive  delay in bolting and 
flowering (Table 3). In all series, how ever ,  bolting occurred  
after approxim ately  10 leaves had been initiated in LD . D u ra ­
tion o f  flowering increased with the time spent in SD before 
LD , as did total leaf num ber, plant height, and seed w eight per 
plant, with the exception  o f  series 8 S D /L D  (Table 3). This last 
series produced  a relatively low total seed w eight and a low 
ratio between seed weight and aboveground  (stem) weight.
This ratio increased with the period  o f  SD before  o r  after LD 
in all series up to series 6 S D /L D  and 8 S D /L D . By the time 
these series had flow ered , plants had g row n  for over  three- 
quarters  o f  a year  on the limited substra te  in the small pots, 
and a shortage o f  nutrients may well have occu rred .
Field observations on R um ex species
The largest plants o f  both Rumex  species w ere  found in the 
highest o f  the three plots on the riverbed  shore (approx. five 
leaves per plant in A ugust; length o f  longest leaf 20 cm ), fol­
lowed by the plot in the clay pit (four leaves, leaf length 7 cm). 
W ith in-p lo t variation was m uch larger in the clay pit than on 
the relatively flat riverbed shore. T he  two low er pots on the 
riverbed  shore did not d iffer  significantly from  each o ther with 
respect to plant size (three leaves, leaf length 3 cm ). In the 
lowest plot, newly germ inated  seedlings w ere  found during  the 
second observation  in Septem ber.
F low ering  occurred  only in plants g row ing  in sites where 
Hood w ater had subsided before the end o f  June. F low ering  of 
plants o f R. maritimus in the in term ediate  plot on the riverbed 
shore  occurred  only in the h igher parts. In all plots m ore  large 
plants flowered than small ones. A significantly  h igher per­
centage o f  plants o f  R. maritimus f low ered com pared  with 
those o f  R. palustris  (Table 4). All flowering plants had
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;ilready bolted on 10 A ugust, with the exception o f  five plants 
oi R. mciritimus from the clay pit. In O ctober ,  seeds on all 
Lie iterative plants o f  R. pcilustris and several plants o f  R. mciri- 
iii us in the clay pit w ere  ripening. The rem ain ing  plants o f  
/ maritinuis w ere  in full flower. The last field observations 
the o ther  plots w ere  m ade in Sep tem ber because  the 
i L'rbed was Hooded for several w eeks in O ctober,  and this 
r ulted in the death o f  all reproductive  plants. At that time 
st plants o f  R. maritinuis had just f low ered , and those o f  
pcilustris w ere  still in bud. All flowering plants had only 
main stem . Only those o f  R. maritinuis from the highest 
i on the r iverbed shore  attained a m ean stem length that was 
nparable  to the plants in the ou tdoor plots (46 cm ). Plants 
he clay pit rem ained m uch sm aller  than in the ou tdoor plots 
maritinuis 18 cm ; R. palustris  33 cm ). M ore than 80% o f  
flowering plants in this plot surv ived  until seed ripening, 
ss o f  plants was prim arily  caused by predation o f  the 
ysom elid  beetle Gastrophysa viriclula.
Discussion
he con tro ls  o f  flow ering and seed production  are quite 
icrent for C. rubrum  on one hand and for R. maritinuis and 
palustris on the other. They have contrasting  photoperiodic  
ponses. In the short-day plant C. rubrum , f low ering 
urred as a response  to daylength and appeared  relatively 
ependent o f  the am ount o f  vegetative g row th . In the two 
g-day species o f  Rum ex , stem elongation and subsequent 
wering alw ays occu rred  after a ra ther constant num ber o f  
ves had form ed. All three species fit into the life-history 
ssification that K linkham er et al. (1987) suggested  for 
>rt-1 ived species based on the control o f  flowering. In ripar- 
habitats both control types o f  flowering can result in the 
>duction o f  large num bers  o f  seeds should floods recede 
i rly enough in the g row ing  season.
According to C ook  (1976), three factors de term ine  potential 
vd num ber in C. rubrum. These are (/) the total num ber o f  
llary bud p rim ord ia  on the plant at the start o f  flower induc- 
i n, (/■/) the increased rate o f  organ  initiation during  the 
>cess o f  induction , and (ƒ//) the duration  o f  this h igher rate 
1 organ initiation. C ook dem onstra ted  that the last two factors
* affected by the induction photoperiod . The early rate o f  
:an initiation was h igher in a longer photoperiod  than in a 
)rter one, and the rate o f  d ifferentia tion , which de term ines 
i : duration  o f  this h igher rate o f  organ initiation, was low er.
( ir findings agree  with those o f  C ook , e .g . ,  in ou tdoor plots 
i th the duration  o f  flow ering  and leaf increm ent during  
i wering decreased  in la te-induced plants o f  C. rubrum
< able 1). U nder natural conditions the first factor is also 
i ated to photopcriod ; long days favour vegetative grow th  in
< rubrum  (C um m ing  1961). O ur  results show  that large,
<• rly-germ inated  plants also started to flow er earlie r  than late- 
l rminated plants in a longer pho toperiod . T hus , photoperiod  
clearly de term ines  the potential seed output o f  this species, 
i suiting in very large d ifferences betw een plants g row n  at the 
extremes o f  the g row ing  season.
Seed size is de term ined  by seed num ber that in turn is 
V »verned by the photoperiod  du ring  flow er induction, and 
natural induction tends to m inim ize seed size and m axim ize 
v e d  num ber in C. rubrum  (Cook 1975). T here  is probably  
■ itie need for com petitive  advantage  o f  large seedlings that 
result from large seeds in these open habitats. H ow ever ,  high 
capacity for germ ination  in the dark  together with their size
may give larger seeds a better chance  to em erge  from  deeper 
soil layers on sandy river beaches o r  from  cracks  in the clay 
o f  old riverbeds (see H arpe r  et al. 1970). We not only found 
larger seeds on plants flow ering in short days but also up to 
a five times larger seed output with respect to o ther  plant parts 
(stem and tap root) in com parison  to plants flow ering  in long 
days. The latter show ed a partitioning o f  b iom ass  com parab le  
to that described  by W illiam s (1969) for this species. This 
indicated an increasing reproductive  effort in plants o f  
C. rubrum  nearer the physiologically  optim al pho toperiod  for 
flowering.
F low ering  in both species o f  Rumex  occu rred  during  and 
after long days, after a m inim al n um ber  o f  leaves had been 
form ed (see Lang 1965; V ince-P rue  1975; B ern ier et al. 
1981). These species are probably  sensitive to flow er induc­
tion shortly  after germ ination , since short days during  early  
developm ent delayed flow ering in R. maritinuis and resulted 
in an increase in the num ber o f  leaves before bolting occu rred . 
The developm ent o f  s tem s, flow ers, and seeds was not 
influenced by short days. B etw een-cohort d ifferences  in the 
rate o f  developm ent in ou tdoor plots w ere  therefore  probably  
mainly caused by tem pera tu re .  T he  minim al n um ber  o f  leaves 
initiated before f low ering  (especially  the num ber o f  secondary  
leaves) is reduced  in small pots and under  poor nutrient co n d i­
tions (A. J. M. Van der  Sm an , unpublished data). By this 
m eans these species m aintain  approx im ate ly  the sam e f low er­
ing time under g reenhouse  conditions, which is advantageous 
when considering  the time required  for reproductive  deve lop ­
ment (see Bradshaw  1965). In the field study, plants w ere  
sm aller and much m ore variable  in the clay pit than on the 
riverbed shore , but rep roductive  developm ent was not 
delayed. This may be caused partly  by a low er nutrient ava il­
ability in the clay pit than on the riverbed  shore . A no ther  cause 
may have been the la rger elevational d ifferences  in the clay 
pit; at least part o f  the plants had probably  germ ina ted  later 
than 20 June.
The dim inished seed output show n by June plants o f  Rumex 
spp. mainly resulted from  the sm alle r  n um ber  and size o f  
secondary stem s when com pared  with ear lie r  germ inated  
plants. In the indoor study, secondary  shoots o f  R. maritinuis 
rem ained very small and did not flower. In ou tdoor plots, the 
oldest (largest) shoot e longated  first. T h ere fo re ,  bolting and 
flowering o f  secondary  shoots is p robably  not de term ined  by 
the main shoot but sim ply dependen t upon their size (leaf 
num ber) with respect to pho toperiod  (see also Lang 1965).
A fter a certa in  critical photoperiod , no flow ering o f  Rumex 
o ccu rred  at all. Plants o f  R. palustris  shifted to the (partly) 
vegetative stra tegy earlie r  in the season in ou tdoor ex p e r i­
m ents, and in the field plots few er plants o f  R. palustris 
flow ered  than of/? , m aritinuis . The longer critical photoperiod  
for f low ering  in R. palustris  was related to the time needed for 
reproductive  developm ent, com pared  with R. m aritinuis , 
which was longer and also m ore susceptib le  to tem pera tu re  
(see also Hejny 1960). F low ering  o f  R. palustris  was not 
sim ply induced by LD in this study o r  in o ther experim en ts  
under the conditions provided ( >  16 h photoperiod ; dark  te m ­
pera ture  17°C). High tem pera tu res  during  the dark  period 
inhibit flow ering in several long-day species (Lang 1965; 
V ince-P rue  1975). This factor may be crucial for R. pa lustris , 
illustrated by the observation  o f  100% flow ering in an 
unheated  g reenhouse  with a dark  tem pera tu re  o f  10°C 
(A. J. M. Van der Sm an, unpublished data). Adult plants have 
a cold requ irem ent before flow ering occurs  in the g reenhouse
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in LD . The relationship  betw een induction by LD  and v e rn a li­
zation may be ex trem ely  com plex  in species that are sensitive 
to both (B ern ier et al. 1981).
Plants o f  both Rum ex  species that rem ained  vegetative in 
short days exhibited a m arked  reduction in aboveground  
g row th  from  the time o f  m axim um  leaf area onw ards . This 
may be im portant for their cold harden ing , as has been sug ­
gested for certain  grasses (Hay 1990). This reduction in 
g row th  was apparently  related to investm ent in tap roots. We 
suppose that in the river flood plains, with frequently o c c u r ­
ring pro longed  w in ter and spring Hoods, R. pa lustris , and to 
a lesser extent R. m aritim us , will show  a tendency tow ards 
longer life histories involving m ore than one g row ing  season. 
In contrast,  the strictly annual C. rubrum  will only com plete  
its life cycle in a shorte r  time, if germ inated  later in the g ro w ­
ing season (until as late as Septem ber). T h ere fo re ,  survival o f  
Rumex  populations will probably  depend m ore upon their  re la­
tive Hooding resistance in the estab lished  phase than that o f  
populations o f  C. rubrum. This will be the subject o f  future 
papers.
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